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We report on the formation of a metal-molecule complex that can be used as a molecular switch. Using
a cryogenic scanning tunneling microscope, a covalent bond was formed reversibly between a gold atom
and a perylene-3,4,9,10-tetracarboxylic dianhydride molecule supported by a thin insulating film. The
bonded and the nonbonded state of the complex were found to be associated with different charge states,
and the switching between the two states was accompanied by a considerable change in the tunneling
current. Atomic force microscopy molecular imaging was employed to determine precisely the atomic
structure of the complex, and the experimental results were corroborated by density functional theory
calculations.
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The concept of using single atoms and molecules as
memory elements or switches in electronic devices was
established long ago [1]. Scanning tunneling microscopy
(STM) has been used to investigate and identify promising
molecular switches [2–7], due to its capabilities to image
and manipulate adsorbates on the atomic scale. Atomic
manipulation was also performed with noncontact atomic
force microscopy (AFM) a few years ago [8–10], and most
recently it was shown that atomic resolution can be
achieved on organic molecules by functionalizing an
AFM tip with a suitable atomic termination [11]. STM
has repeatedly been used for the making and breaking of
single chemical bonds between metal atoms and molecules
[12–16] and between molecules [17,18]. Those previous
examples of bond formation, however, were not suited as
molecular switches, because they required complex proto-
cols of STM tip positioning, voltage pulses or current
injection, involved various possible configurations of the
constituents, or resulted in only a slight change of the
tunneling current. Furthermore, in the examples mentioned
it was not possible to switch between the bonded and the
nonbonded state in a reliable and directed manner (mean-
ing that the system can be switched with certainty to the
desired state).
In this Letter, we present a molecular switch that is
based on the reversible bond formation between a Au
adatom and an organic admolecule [perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA)] on a thin NaCl
film supported by a Cu substrate. The switching between
the bonded and the nonbonded configuration was accom-
panied by a change in the tunneling current of about 2
orders of magnitude. The bond making and breaking were
controlled simply by applying voltage pulses of according
polarity and did not require an exact tip movement or
positioning over a particular part of the molecule. The
operation and electronic characterization of the switch
were performed with STM, whereas the exact geometry
of the complex was deduced from atomically resolved
AFM images. The experimental results were combined
with density functional theory (DFT) calculations to gain
further insight into the details of the bonding geometry
and the electronic structure of the complex. Our results
strongly suggest that the reliability and directed manner of
the switching are based on the fact that a change of the
charge state of the complex occurs upon bond formation.
The electronic decoupling provided by the insulating NaCl
film is crucial to ensure the stability of the different charge
states [5,19].
Our experiments were performed with a homebuilt com-
bined STM/AFM system using a qPlus tuning fork sensor
[20] operated in UHV and at low temperature (Tsample 
5 K). NaCl was evaporated onto a clean Cu(111) single-
crystal surface at Tsample  270 K, leading to the formation
of (100)-terminated islands of mostly two atomic layers in
thickness, denoted as NaClð2MLÞ=Cuð111Þ [21]. Low cov-
erages of Au atoms and PTCDA molecules were then
evaporated in situ at Tsample  10 K. The tip preparation
techniques described in Ref. [11] were employed to obtain
well-defined tips for our STM and AFM investigations.
In Fig. 1, the reversible switching of a Au-PTCDA
complex on NaClð2MLÞ=Cuð111Þ is shown. First of all,
we used vibrational excitation by inelastic electron tunnel-
ing into a negatively charged Au adatom (identified in the
STM image by its characteristic surrounding depression
[19]) to successively move it towards a PTCDA molecule.
Once the Au and the PTCDA had been positioned close
enough to each other [Fig. 1(a)], it was possible to switch
the complex to a different state by ramping the sample bias
voltage to V ¼ 1:5 V [Fig. 1(b)]. The switching process
was found to be completely reversible [Fig. 1(c)]. In the
PRL 105, 266102 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
31 DECEMBER 2010
0031-9007=10=105(26)=266102(4) 266102-1  2010 The American Physical Society
following, we will refer to the two different states of the
complex in Fig. 1(a) and 1(b) as the nonbonded [Au-
PTCDA(N)] and the bonded [Au-PTCDA(B)] configura-
tion, respectively.
We studied the adsorption sites, charge states, and the
electron and hole addition spectra of single PTCDA
molecules and the two configurations of Au-PTCDA using
STM imaging and spectroscopy. The adsorption sites
were determined from STM images with atomically re-
solved substrate. We found that PTCDA adsorbs in two
different geometries, with the long molecule axis oriented
either along the polar h011i or the nonpolar h001i atomic
rows of the NaCl(100) surface. In both cases the molecule
is centered on a Cl site, in agreement with previous studies
[22,23]. The h011i orientation was found to prevail, and all
experimental and theoretical data presented in this Letter
were obtained for this adsorption geometry.
The charge state of adsorbates on NaClð2MLÞ=Cuð111Þ
is revealed by the scattering wave pattern of the substrate’s
interface state [19]. A single PTCDA molecule was found
to scatter the interface electrons to a similar extent as a
Au adatom. Considering that the affinity energy of
PTCDA (EA  4:6 eV [24]) is substantially greater than
the work function of the substrate (  3:9 eV [25]), we
propose that PTCDA becomes singly negatively charged
upon adsorption. For Au-PTCDA(N), the sombrero-shaped
appearance of the Au atom indicates that it is negatively
charged. The observed scattering pattern around Au-
PTCDA(N), however, cannot be reconciled with the as-
sumption that only the Au atom is charged, indicating that
the entire complex is doubly negatively charged. When we
switched the complex, we observed a clear change in the
scattering wave pattern, with Au-PTCDA(B) still exhibit-
ing the characteristic scattering of a charged species.
A comparison with scattering patterns of single Au ada-
toms suggests that Au-PTCDA(B) is singly negatively
charged [26].
The electronic structure of the different states of the
complex was further investigated by dI=dV spectroscopy
and STM imaging [27]. The dI=dV spectrum of a single
PTCDA molecule on NaClð2MLÞ=Cuð111Þ has a distinct
peak at V  0:8 V, which we attribute to electron tunnel-
ing from the tip into the singly occupied molecular orbital
(SOMO) of PTCDA [28]. The two configurations of Au-
PTCDA exhibited distinctively different spectra, as can be
seen from the I-V curve shown in Fig. 2. For Au-PTCDA
(N), a high current was measured only for voltages above
þ0:6 V, whereas for Au-PTCDA(B), a high current was
measured below 0:6 V. The corresponding orbital im-
ages are shown in the insets of Fig. 2, together with an
image of the SOMO of a single PTCDA admolecule [30].
For Au-PTCDA(N), the image is simply given by the
superposition of the image of the SOMO of PTCDA
and a circular protrusion at the position of theAu adatom.
For Au-PTCDA(B), on the other hand, the orbital was
found to be strongly distorted with an additional diagonally
oriented nodal plane, in agreement with DFT calculations
[26]. This indicates a strong coupling between the elec-
tronic states of the molecule and the Au atom, which is
characteristic of the formation of a covalent bond.
Furthermore, it was found that there exist two equivalent
mirrored configurations of Au-PTCDA(B) (lower insets in
Fig. 2). Note that the I-V curve in Fig. 2 represents a
complete switching cycle, demonstrating directed switch-
ing from the bonded to the nonbonded configuration and
back. The switching was found to be highly reproducible;
i.e., the complex could be switched back and forth several
dozens of times, with only minor variations (< 0:1 V) in
the switching voltage.
To determine the atomic structure of the different con-
figurations of Au-PTCDA, we used atomically resolved
FIG. 2 (color online). Switching cycle of Au-PTCDA. The I-V
curve was measured above the center of the complex and the
voltage cycling is indicated by the arrows. Initially, the complex
was in the bonded configuration. No peak was seen at positive
bias before the switching to the nonbonded configuration oc-
curred at V  1:4 V. For Au-PTCDA(N), on the other hand, the
current at negative bias was suppressed. The insets show STM
orbital images of PTCDA and the different states of Au-PTCDA,
recorded at I ¼ 5 pA and V ¼ þ0:8 V for PTCDA,
V ¼ þ0:7 V for Au-PTCDA(N), and V ¼ 0:7 V for Au-
PTCDA(B).
FIG. 1 (color online). Reversible switching of a Au-PTCDA
complex. (a) Au adatom in close proximity of a PTCDA
admolecule. With the tip at the position indicated by the (red)
circle, the bias voltage V was ramped to 1:5 V. A sudden
increase in the tunneling current I indicated a successful modi-
fication of the complex. (b) In the subsequent STM image, the
adatom and the molecule no longer appear separated. By ramp-
ing the voltage toþ1:5 V, the complex was switched back to the
initial state, as confirmed by the subsequent image (c). Imaging
parameters: I ¼ 5 pA, V ¼ 0:2 V.
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AFM molecular imaging [11]. The images were acquired
at constant height with a CO-terminated tip, which yielded
enhanced resolution also in topographical STM imaging
[Figs. 3(a)–3(c)]. In the corresponding AFM images
[Figs. 3(d)–3(f)], the perylene core of the PTCDA is
clearly resolved, in contrast to the STM images. For Au-
PTCDA(N), the AFM image shows that the molecule and
the adatom are clearly separated, with the distance between
the Au atom and the center of the central carbon ring of the
PTCDA being close to twice the Cl-Cl distance in the
topmost NaCl layer. After switching to Au-PTCDA(B),
in both the STM and the AFM images we observe that,
while the PTCDA basically maintains its position, the Au
atom no longer appears separated from the molecule. In the
AFM images of Au-PTCDA(B), the brightness of the lower
part of the atom-molecule complex is enhanced, which
corresponds to a stronger Pauli repulsive force and indi-
cates that this region of the molecule is closer to the tip
[11]. A distinct maximum of the repulsive interaction is
observed above one of the two inner C sites at the lower
edge of the molecule, and the two mirrored configurations
can be clearly distinguished.
To gain more detailed insight into the nature of the
switchable atom-molecule complex, we have carried out
periodic DFT calculations, using the projector augmented
wave method [31] as implemented in the plane-wave-based
VASP code [32]. Exchange-correlation effects were de-
scribed by the generalized gradient approximation [33].
As the (100)-terminated NaCl bilayer is incommensurate
with the Cu(111) surface, we carried out calculations for
the closely related system NaClð2MLÞ=Cuð100Þ, for which
the NaCl bilayer lattice is in good match with the Cu(100)
surface lattice [34]. The metal support was modeled by a
four-layer slab of Cu atoms, the vacuum region was about
17.5 A˚ in height, and the surface unit cell is shown in Fig. 3.
The full structural optimization of all the ion cores except
the two bottom layers of the Cu slab was carried out using a
plane wave cutoff of 400 eV on a 2 2 1 k-point grid,
until the forces acting on the ion cores were smaller than
0:03 eV= A.
The calculated atomic structures of the complex in the
different configurations [Figs. 3(g)–3(j)] corroborate the
conclusions drawn from the atomically resolved AFM im-
ages. The PTCDA was found to be centered on a Cl ion,
with the oxygen end groups bent towards the substrate
(this might explain why these atoms are not visible in the
AFM images), similar to the situation on metal surfaces
[35]. A stable configuration was found with the Au atom
adsorbed on top of a Cl ion two atom rows away from
the adsorbed PTCDA molecule, which corresponds to the
observed nonbonded configuration. Bringing the Au atom
closer to the molecule, we found two equivalent configu-
rations with the atom bonded to the adsorbed PTCDA
molecule. The Au atom is one Cl site closer to the molecule
than in Au-PTCDA(N) and bonds to aCl ion and a C atom
by tilting the H atom away from the molecular plane,
indicating an sp2 to sp3 rehybridization [13]. This tilting
is consistent with the enhanced brightness observed above
one of the C sites at the lower edge of the molecule in
Figs. 3(e) and 3(f).
A more detailed account of the charge states and the
bonding is given by the calculated partial densities of states
(DOS) of the s andpz partial waves around the Au atom and
all the C atoms of the Au-PTCDA complex, respectively,
see Fig. 4. For Au-PTCDA(N), the partial DOS of the s and
pz partial waves are essentially the same as for the singleAu
adatom and the single PTCDA admolecule. This shows that
no covalent bond is formed between the two species. Upon
adsorption, the lowest unoccupied molecular orbital of the
PTCDAmolecule, being of  character, becomes a SOMO
partially occupied by one electron and the 6s state of the
Au atom becomes fully occupied. This result confirms the
assumption that Au-PTCDA(N) is doubly charged. In con-
trast, the partial DOS for Au-PTCDA(B) indicates the for-
mation of a covalent bond arising from the strong mixing
of the Au 6s state with the  orbitals of the PTCDA
admolecule. In this case, there are no partially occupied
orbitals and the calculations show that Au-PTCDA(B) is
occupied with one electron less than Au-PTCDA(N), which
confirms that Au-PTCDA(B) is singly charged.
FIG. 3 (color online). Bonding geometry of Au-PTCDA. (a)–
(c) STM images of Au-PTCDA in the nonbonded [(a)] and the
bonded [(b),(c)] configuration (imaging parameters: I ¼ 3 pA,
V ¼ 0:2 V). The tip had been terminated with a CO molecule.
(d)–(f) Corresponding constant-height AFM images (imaging
parameters: amplitude A ¼ 0:4 A, frequency f ¼ 23, 165 Hz
and distance with respect to the STM set point above the
substrate between þ0:8 A and þ1:0 A). (g)–(j) DFT-calculated
geometries of the complex in the nonbonded [(g),(h)] and the
bonded [(i),( j)] state. The unit cell used for the calculations is
indicated in (g) and (i), and the different atomic species are
colored in gray (C), red (O), white (H), green (Cl), blue (Na),
orange (Cu), and yellow (Au) in the online color version.
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The picture emerging from our combined experimental
and theoretical study suggests a simple mechanism for the
switching of the Au-PTCDA complex: the attachment of a
long-lived hole at negative bias to the SOMO state of the
PTCDA in the Au-PTCDA(N) complex reduces the
Coulomb repulsion between the Au and the PTCDA,
which enables the adatom to change its position and form a
bond with the molecule [36]. Reversibly, the attachment
of a long-lived electron to the LUMO state of the singly
negatively charged Au-PTCDA(B) causes a Coulomb re-
pulsion between the adatom and the molecule, which
results in a breaking of the bond. This mechanism seems
to be much more reliable than bond activation by inelastic
electron tunneling.
In conclusion, we have demonstrated that the reversible
bond formation between a Au adatom and a PTCDA
admolecule on NaClð2MLÞ=Cuð111Þ acts as a molecular
switch with a tunneling current on/off ratio of about 2
orders of magnitude. The high reliability of the switching
is attributed to long-lived electron or hole attachments to
the Au-PTCDA complex, which make it possible to cross
the barrier between the bonded and the nonbonded con-
figuration on an excited state potential energy surface.
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